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SUMMARY

Thehazsrdsoflightningstrokesto aircraftfueltsmkshavebeen
investigatedinartificial-lightning-generationfacilitiesspecifically

q constructedtoduplicatecloselythenaturallightningdischargesto ati-
craftdeterminedthroughflightresesrchprogrsmssadansl.ysisof

~ lightning-dsmagedaircrsftovera periodofmanyyears.Explosionstudies
weremadeinsaentionmentalexplosionchsmberusingsmallfueltanks
undervarioussimulatedflightconditions.

Theresultsshowedthatthereisa prtiaryhazardwheneverthereis
directpunctureofthefuel-tankwall,whereastheignitionoffuelby
hotspotsontankwalh dueto lightningstrikesisunlikely.Punctures
offuel-tsmkwallsby artificial-lightnimgdischargesprduc&iexplosions

●
ofthefuelinthemixturerangefromexcessivelyleautorichmixtures.
Noneoftheahnninumalloys,O.0S1inchthickor over,werepuncturedby
thelaboratorydischargesrepresentativeofnatural-lightningdischarges

= to aircraft;however,reliaceonthiswallthicknessforcompletepro-
tectionwouldnotbe justified,becauseoccasionalstrokesareknownto
be ofgreatermagnitude@ becausestatisticsrevealvariationsinthe
dsmagepattern.

Datagatheredby theLightningandTransientsResesmhJnstituteon
lightntigstrokesto aircraftshowthat90percentofthestrokesrecorded
haveoccurredinthetemperatureraugeof -10°to +10°C,wheremuxnyof
thejetfuelsareflsmmablebutwhereaviationgasolineis overrich.
Also,10percentofthestrokesrecordedhavebeento thew3ngs,which
aretheprincipalfuel-storageareasformcdernaircraft.Thus,there
isa hazard,particularlyforjetfuels.Certainprotectivemeasuresare
indicatedby thestudiestodate,sucha9theuseoflightningdiverter
rods,thickeningofthewingsktiinsreasnearthemostprobablestroke
paths,sndtheuseoffuel-tsnklinersin criticalsreas.

INTRODUCTION

Aircraftflyinginthunderstmregionsoccasionallyarestruckby
lightning,andthestrikingofa fueltsmkmayresultina fireor

m
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explosion.A researchprogrsmhasbeenundertakento evaluatethishazard
by studyingthebasicmechanismsoffuel-tsmkignitionfromlightning ●

strokesinvsriousenvironmentalandflightconditions.Tbephasesfor
whichthereislimitedoperatingexperienceareespeciallyemphasized;
forexsmple,theoperationalhazardsarisingfromtheuseofjetfuels
endofwingtipfueltanks. g

w
Thecharacteristicsofnatural-lightntigdisch=gesto aircrafthave _.

m

beenstudiedby theLightningandTransientsResearchTnstitute(LTRI)
throughflightresesrchprogrsms,lightning-dsmsgeq,,stionnties,and
theanalysisofmanydsmagedaircraftpartssulmittedforinspectionby

—

airlinesandby themilitaryserVicesovera periodofyears.Thedata
obtainedindicatethata substantialnmnberof strokesto aircraftinvolve
electricalchsrgetrsmsfersaslsrgeas 200coulombsbuthaverelatively
lowcurrentnmgnitudesendratesofriseofcurrent.Thissuggests,as
mighthavebeenexpected,thatmsnystrokesto aircraftsz’eofa cloti-
to-cloudnature,butitdoesnotprecludethepossibilitythata stroke
togroundmaybe interceptedby an aircrsft.Modernairlinersusually
flyoverorthroughtheupperregionsofthunderstormsratherthsnunder
themwherestrokesto groundoccur,except,ofcourse,duringthelandtig
oxtakeoffperiods.

_ tothelow Pathlengthsofnatwal-lightningdischarges,which
mayextendformanymiles,theresistanceofanyshortlengthofthepath
haslittleeffectonthemagnituieofthecurrent,sothatthedischarge
canbe consideredto originatefroma constant-currentgenerator.There-

.4-

fore,theenergydevelopedinsm objectdependsmainlyontheresistance
(sincetheenergyreleaseisequalto$t2Rt,where I isthecurrent,
R theresistance,and t thetimeofdischarge).

*
Thus,considerably

greaterenergiesme releasedinresistivematerialstheninmetsls.
Forexsmple,strokestoradomesproducedsmageoversreasseveralfeet
indismeter,whereasstrokestometalaircraftskinseldomprcduceholes
largerthanan inchindismeter.

A.ircrsftpartsthathavebeendsmagedby lightningshowtwogeneral
typesofpitting.Strokesoccurringtowardthefrontpartsof aircrsft
sectionssreswepttotherearby themotionoftheplane;and,asthe ,
aircrsftpassestherelativelystationaryionizedchannel,smallpit
ms.rksorholessreburnedalongthesurfaceoredge.Theenergyisre-
lessedovera relativelylargearea,sothatitprcducesonlya small
smountofpittingat anyonelocation.Strokesoccurringdirectlytothe
front,andparticularlythoseto therear,ofa sectiontendtohangon
ata singlepointfora largefractionofthestrokedurationandthus
producelargerholesandmoreseverepitting.

Whenthelightningstrokesareswepttotherearby therelative
motionoftheaircraftwithrespecttothestrokechsnnel,themetalair-
craftskinisfrequentlynotpuncturedandthequestionnaturallysrises

—

*
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whethera strokethatdoesnotpuncturea fuel-tsmkwalltillcauseigni-
tionby heatingofthewall. Thiswasconsideredtobe an important
questionconceningthedegreeofhazsrd,enda theoreticalsndexperi-
mentalstudyoffuel-teakwalltemperaturesdueto lightningcurrentswas
undertakenatthebeginningoftheinvestigation.

Otherfactorstobe considered.includetheevaluationofthetypes
smdmagnitudesofdischargesrequiredtopuncturevsriousfuel-tankwaUs,
theconditionsunderwhicha subsequentexplosionorfirecanoccur,snd
theeffectsofentionmentalconditions,fueltypes,andfuel-t- loca-
tiononexplosionprobability.

Thisinvestigationwasc=riedoutattheLightningsmdTransients
Research~titute underthesponsorshipsndwfththefinsncialassistance
oftheNationalAdvisoryCommitteeforAeronautics.

APPARATUSANDPROCEDURE

TheLighia&ngandTransientsResearchhstitute(LTF@hasdeveloped
artificial-lightning-generationfacilitiesthatareparticularlysuitable
forreproducinglightningeffectson aircraftasdeterminedby flight
resesrchprogrsmsmsdeincooperationwithcivilisnairlinessndthetili-
tsryforces.Thephotographandcrosssectionofthelaboratory(fig.1)
showthelocationof thehigh-voltagefacilitiesandthelsrgedoorfor
bringingvoltageoutsidethebuildingtotestobjectssuchastheair-
crsftintheforeground.

LTRIfacilitiesforlightningstudiesincludea 5-million-voltti-
pulsegeneratorcapableofproducinga stsndsrdAIEE1.5X40-microsecond
voltagewave(1.5microsecto crest,40microsectohslfvoltage)anda
high-currentgeneratorproducinga 10x20-microsecondstsndardAJXEcur-
rentwaveofover100,000smperespeek.KtLxd.nnthehigh-~ltsgeW high-
currentgeneratorsmakesitpossibletoreproducescuneoftheeffects
foundinthelightning-dsmagedaircrsf’tcomponentsstudied.However,a
comparisonoftheseeffectsandthedatafromthef15ghtresesrchprogram
showsthatmostlightningstrokesto aircraftinvolvemuchlargercharge
trsnsfersthm sreproducedby thehigh-voltagesndhigh-c~entwaves
heretoforesdoptedas13.ghtningteststsndsrdsinthepowerindustry.

Forproducingthehighchargecomponentsofthenatursl-lightning
strokes,twoadditionalgeneratorfacilitiesareused. Oneoftheseunits
consistsof a 3000-microfsrsdbankof10-kilovoltcapacitorswhich,with
appropriatewave-shapinginductanceendresi.stsnce,producesa 2,000-
smperecurrentof 20-coulombchargetransfer.Thesecondtit consists
ofa sourceof200smperesd.c.thatcsnbe drawnata sourcevoltsgeof
either400or13,000volts,dependingonthelengthoftheuc it is
requiredto sustain.Thisunitreproducesthelow-current,long-duration
componentsofQ@tning dischargesthathavecurrentsoftheorderofa
fewhundredemperes.
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A sch&maticcircuitdiagrsmofallthegeneratorswiththeircom-
positelightning-dischargecurrentwaveformis showninfigure2;andthe .
effectsoftheva–iousstrokecomponentsofthethreecurrentgenerators,
whicharethemosttiportantformetalfuel-tankdsmagestudies,sre
tabulatedintableI. Theheatingeffectsaregivenintermsofamulti-
plyingfactorfora givenresistance.Itisinterestingtonotethat ;
boththehigh-currentandthelong-durationlow-currentgeneratorspro-
ducemuchlessheatingeffectthanthegeneratorwithintemnediatecurrent
andchsrgetrausfer.!l%ethreeunitstogetherproducethema~orcharac-
teristicsof lightningstrokes:largemechanicalforcesfrcmthehigh
initialcurrent,a largesmountofshort-durationheatingandblast
effectsfrmntheintermediatecurrents

.-
, anderosionsndpittingeffects

frcmthelargecoulombtransfersofthelong-durationlowcurrent.The
high-voltagegeneratorcanbe usedinconjunctionwiththecurrentgen-
erators,butsinceitdoesnotcontributesignificantlytothedamage,it
ismoreoftenusedseparatelytodeterminethemostlikelypointsonair-
craftsectionsormodelsthatthelightningdischargeswillstrike.

Formodelfuel-tankexg?losionstudiesa cylindricalsteeltank,9
feetindismeterand15feethigh,wasconstructedto contatiexplosions
audtopermitevacuationforaltitudetesting.A blowersuppliedby the
NACAwasconnectedtothetankforstudyingwindstresmeffects,snda
wind-tunnelsectionwasconstructedthroughthetankinterioras illus-
tratedinfigures3 and4. A 6-by 6-inchcrosssectionat thetuunel
throatproducedthedestiedwindvelocityof300mph. Thetankwascon-
structedwithlsrge,thickwindowsforphoto@aphicMe sndspecialh@h-r .4.

voltagebushingsforintroducinghigh-voltage.dischsrgeatreducedair
.

pressurescorrespondingtohighaltitudes.
.+

A shortplenumcheder,packed
with2-inchfurnacepipetostraightenouttheairflow,wasconstructed_

E

to jointheexponentialsectionthatreducedtothePlexiglasthroat.A
Pitot-statictubeandairspeedindicatorwereusedto calibratethetun-
nel;a constsmtvelocityofabout300mphwasindicatedovermostofthe
throatarea Onesectionofthethroatwasleftopentoreceivethe
fueltanks.

MeasurementequipmentincludedanNACArecordingmixtureszml.yzer,
a potentimneterforthermocoupletemperaturemeasurement,anoscilloscope
formeasuringfuel-tsmkpressuresasdetem.ed titha piezoelectricgage,
andothermiscellaneousequipment,alllocatedoutsidethetankforpro-
tectionfromtheexplosions.Muchofthisequipnentwaselectrically
groundedtothet@z; sad,sincethetipulse-ground-conductioncurrents
raisedthetankitse~to substantialvoltage,an isolationtransformer
wasusedtofeedallequipmentrequiringa 115-voltsource.A carbon
dioxidefireextinguisherwasattachedtotheoutsideofthetankwitha
nozzleconnectedthroughthewall,aimedatthefuel-tanksample.Thus,
anyfiresfollowingfuel-tankexplosionswereeasilyextinguishedfrom
thecsmeraoperator’sposition.Thescalefuel-temkexplosiontestsgave

—

.—

,

.



NACATN 4326 5
.

.-

.

.

asmuchdifficultyas snyhigh-voltageexperimentsmsdeinthislaboratory
becauseofthelargeamountofequipnentinvolvedandthemanytest-run
failuresbeforethefirstsuccessfultestsweremade.

Theoperationsincludedenergizingthe13.8-kiluvoltsubstationto
obtainsufficientpowerforthewind-tunnelblower,chargingthethree
artificial-lightninggeneratorsusedtoproducethecompositedischsrge,
settingtheautomatictimingdevicesforlimitingthelong-durationlow
current,resettingthemsnyoverloadcirctitbreskers,measuringfuel-air
ratioandtemperature,sd ad@ting csmerasandmiscel.lsneousequipnent
suchaslights,andsoforth.Althoughsuccessfultestrunsrequired
carefulsetupsforeachtestandgoodcoordinationfromtheoperators,it
wasfeltthatfurtherconstructionto obtaincompletelyautcmaticopera-
tionwasnotjustifiedforthenumberoftestscontemplated.

Gasolineexplosionsoffueltsmks, evenpsrtiallyfilled,constitute
a severefirehazard;snd,sinceexplosionsoffuU-sizetsnkswerefelt
tobe a necesssrypertofthestudies,provisionsweremadeforreducing
thehazsrdto atiimnnnby confiningpossibleexplosions.A lsrgepit
withconcrete-blockwallswasconstructedto confinetheexplosionsto a
spacenextto thebuildingbesidethedoorwherevoltagesandcurrents
couldbebroughtoutwithrelativelyshortlesds,as illustratedinfig-
ure5. The40-foot-sq.usredoorallowedmaxhumvoltagestobe brought
outtothepittestsrea The150-horsepowerblowerinstalledinthepit
behindsuitableasbestosorblockbarricadesprotidedthenecessaryflow
ofairoverthetanksurface.

A specialfosmfire-extinguishersystemforprotectingtheareawas
instsUed,consistingofa l,OCO-gallontanklocatedatthetopofthe
laboratorybuilding;a centrifugalpump,adding100poundspressureto
the20-poundtsmkhead;foamsupplysndfoamproportioner;twolsrgefosm
nozzlesateachendofthepit,ham capacitiesof,llogallonsper
minuteeach;sndtherequired2-to 3-inchconnectingpipes.ForexkLn-
guishinglocalizedfiressadprotectingthelaboratorybuilding,a lClO-
footauxiliaryhosethatcsnbe equippedwitheithera fosmplayp@eor
a water-fognozzlewasprotided.Thecapacitywassufficientto cover
thefloorofthepitwithabout0.7footof fosm. Thissystemwascon-
sideredsdequateto extinguishpossiblefires,butthelocalccmmunity
firedepartmentcouldalsobe calledtiediatelyforadditionalprotection
intheeventthatthe13mitedwatersupplyprovedtobe inadeq=te.

Thecontrolendobservationareainthebuildingis indicatedin
figure5. Allhigh-voltsgecontrolsaswellas fire-extinguishhgcon-
trolssndvoltageandcurrentwaveshapemonitoringequipnentsrelocated
inthisarea.Twocsmeraswereusedinrecordingthetadsexplosions,a
16-millimetermotion-picturec=era locatednearthepitemda Fastax
csmeralocatedonthebuildingroof. TheFastsxcsmerarecorded=Y
phenomenathatoccurredtoorapidlyforaccuraterecordingby thestandard
moviecamera.4

.
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RESULTSANDDISCUSSION
.

MeasurementofFuel-TankWallTemperature

A lightningstrokehittingtheoutersurfaceof a fuel-tsmkwall.or
of a structuralmembercontatiingfuelvaporsmaypuncturethewallwith
a goodprobabilityofproducingexplosionsndfire;ifthewallthickness
istoolargetopuncture,thestrokeincreasesthetemperatureofthe
innersurfaceofthewall. Thestrokewillusuallycausea smallcrater
ofmoltenmetsltaformintheoutsideofthewell,whichproducespitting
ofthesurface.Partofthemoltenmetalisdisplacedby theexplosive
forceofthesuddenheating,butpartsolidifiesto addtotheheatflow-
ingintothewall. Thetemperatureoftheinnersurfaceattainsits
maximumvaluedirectlyunderthepointof strokecontactsnddecreases
rapidlyatotherpointsalonga radiallinefrcmthispointontheinner
surface.Thepur~seofthissectionistodetermtie,boththeoretically
andexperimentally,possibletemperature-thecurvesforpointsonthe
innersurfaceof a fuel-tsmkwallwhenlightningstrikestheoutersu-
face. Thehazardduetothese“hotspots”isevaluatedin a latersec-
tion. Symbolsusedaredefinedin appendixA.

Whena dischsrgehitsa plated doesnotp~ctw?eit,theheatiS
conductedto theinnersurface,raisingthetemperatureofthatsurface,

—

andisalsoccmductedradisllyfromthepetitof strdlsecontactenddis-
sipatedintheremainderoftheplate.Inthetheoreticalstudyofthe
heatflowina plate(appendixB),a blockonthesurfaceoftheplateof .4

depth i3andof squarecrosssectionis assumedtobe instantaneously
heatedto a uniforintemperaturewhich,fora lightningdischarge,istaken
tobe about1,200°F, themeltingtemperatureof aluminum

A
Theheatflow

fromtheblockintotheplateisthencalculatedfromtheheat-conduction
equationto obtainthetemperatureatsnypointintheplateas a function
ofthetime. Thecalculationsarestiplifiedby cmnputingonlythetem-
peraturesontheinnersurfacesndby lettingthebreadthoftheplate
approachinfinity,sincethesizeoftheplatedoesnotmateriallyaffect
theheatflowtotheinnersurfacesolengasthethicknessis smallccm-
paredwiththeotherdimensionsoftheplate,Graphicslexsmplesgiving
thenmnericslresultsobtainedby usingthesesolutionsfora hotspot
directlyunderthedischsrgesndfora point:nearthisspotsrealso
presentedinappendixB.

Temperaturesweremeasuredexperhnentallyinthel=ge cylindrical
environmentalchsmbershowninfigure6 sothattheeffectsoftempera- .
ture,airstrean,andaltitudecouldslsobe sttiied.Thesimulateddis-
chargewasdirectedtothetestplatethroughthehigh-voltsgebushing
inthetopofthetsmk.A blockdiagrsmofthethermocouplesystemis
showninfigure7. Thethermocouplewireshadtobe carefullyshielded
inthevicinityofthetank. Twoshields,insulatedfromeachotherand
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connectedonlyatonepoint,wereusedbetweenthethermocoupleboxsnd
,k thewallofthechsmber.Theoutershieldcarriedtheheavydischarge●

currentsto thewall,whiletheinnershieldprovidedadditionalshielding
frcmelectricfieldssndfrcxnsnypossibleunsymmetricalcurrentdistri-
butionintheoutershield.Thethermocouplevoltagesweretransmitted

% to themplifierssndrecordingeqtipnentina multiconductorshielded
3 cable.

Theinstrumentationforthesemeasurementswassetup tomeasure
pedktemperaturesfrcmabout503°l?,roughlythespontaneous-ignition
temperatureofJI?-4fuel,to about1,200°F, themeltingpointof aluminum.
Theoscillographwasconsideredthebestmethodofrecordimgtheriseand
decayofthetemperature-timecurvesandthepeaktemperatures.Eon-
constsntanthermocoupleswithsize36w5rewereselectedforthispurpose
becauseoftheirsiiequatesensitivityy, availabiHty, andsufficientlylow
thermalinertiatopermitaccuratemeasurementoftemperaturevariations
ata point.A boxabout7 inchessqusreand2 inchesdeepshieldedthe
thermocouplesfromthelsrgesimulated-13@tningdischsrgecurrent.Test
platesofvsriousrepresentativewallthicknesseswereusedastopcovers
forthebox,andstiulateddischargesweredirectedto thecenterofthe
plate.Thethermocoupleswereplacedata pointdirectlybeneaththe
centeroftheplatesndona rsdiallinefrcmthispoint.Thethermo-
couplevoltsgesweresmplifiedby d-csimplifiershasdnga 9-megohminput
impedsnce.TheamplifieroutputsdroveBrushrecorderswithenover-all

* sensitivityofabout33°F permilltieterofpendeflection.Themaximum
chut speedoftherecorderwas71inchesperminute,or about34mill3-
secondspermillimeterof chartmovement.A selectorswitchWLWprovided

. forviewingorrecordingwaveformsona single-chmnelcathode-ray
oscillo~aph.

Thetheoreticalresultsof appendixB indicaterelati=lylowtem-
peraturepeeksatpointsotherthanthepointdirectlyunderthedis-
charge,andtheexplosiontestresultsofthefollowingsectionindicate
thatwallpuncturescausedexplosionsbutthattherewereno explosions
definitelyattributedto inner-wallheating.Forthisreasonmostmeas-
urementsweretakenatthepointdirectlyunderwe disch=ge.Thetheo-
reticaltemperature-thecurvefortheinnersurfaceof a 1/8-inchslu-
minmnplatewitha block,uniformlysndinstantaneouslyheatedto the
meltingpointofalmdnum,wascs3culetedfrcmtheeqyationsandcurves
developedinappendixB. Theblockwasassmnedtobe intheoutsidesur-
faceofthe@ate, 0.5centimetersquareend0.159centimeter(1/16in.)
deep.

Fifteenhigh-currentdisch=geswereusedintheexperimentalphase
ofthewall-temperaturestudy.A crosssecticmthroughthecenterof sn
actuslcraterobtainedby discharginga laboratorylightningstroketo a
l/8-inchslhnimantestplateis shgwninfigure8. Thiscrateris about

.

.
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0.045inchdeepbecauseofmoltenmetalsthathavebeenspatteredfrczn
thepointof strokecontact.However,someofthemetalbelowthecrater .
floorwasalsoheatedto themeltingpoint,perhapsto a depthof about
1/16inchorone-halfthewellthickness.

Thetheoreticaltemperature-thecurvefora l/8-inchaluminumplate
is showninfigure9(a),endthecorrespondingexperimentalcurveis
shownin figure9(b).Thetwocurvesagree.reasonablywell. Therise
thnesofthetwocurvesareaboutthessme.Thesli.ghtlydelayed,higher
andlongerpeekoftheexperimentalcrmve?4s.sprobablyduetothelatent $“

heatoffusionofthemoltenaluminumnotdisplaced,whichwouldtendto E
storeheatat a constanttemperature,sndalsotothefactthatthedis-
chargewssnota~liedinstantaneouslybutsuppliedheattotheplate
conttiuou51yforabout20milliseconds.Theslightlyhighertailonthe
experimentalcurveatthelog&r timesmu me accountedforby therela-
tivelylargeratioofthesourcesizetothesizeofthethermocouplebox
usedintheexperimentalsetup,sinceen infiniteplatesizewasassumed
forthetheoreticalcalculations.An tiportsntexpertientalparameter
thatcouldbe investigatedistheeffectof snairstresmontheheatflow

—

to thetonersurface.Thisfactorshouldconsiderablyreducethehot-
spottemperaturesmeasured.

Inthecurvesshowninfigure9 thereferencetemperaturee may
be tekenesthetemperatureofthemolten@mnixnnn;thus,intheexperi-
mentalcase,th”ehot-spottemperaturerisesto about530°F inabout30
millisecondsanddecaysto one-halfvaluein0.4secondfrom t = O. As

-.*

thetankwallthicknessdecreases,theinner-surfacepesktemperatures
willincreaseuntilthethicknessatwhichpunctureoccursisreached.
Whiletheresultsofthessmplefuel-tsmktestsshowthatpunctureisthe

.

mostimportentfactorin caus~ fuelignition,itwouldhe ofinterest
todeterminethetransienttemperature-timeimpulsecurvesrequiredfor
ignitionof ccmmonfuelsusedinaircraft,asdiscussedinthefollowing
section.

Fuel-TankExplosionStudies

To determinethespecificconditionsunderwhichfuelscanbe
ignited,6-inch-cIibicalminumtankspsrtlyfilledwithaviationgasoline
orZP-4werestruckwith75high-currentdischargesovera temperature
rangefrcm32°to 90°F. h formulatingtheproblem,considerationwas
givenby NACAsndLTRItothefollowingpossiblemechanismsforigniting
fuels:

(1)Thefuelisignitedby a hotspotonthewallof anunpunctured
tank.
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(2)Thedischsrgepenetratesthetsmksd.appearsonthetisideto
producetheequivalentof sparkignition.

(3)An effluxoffuel-airmixtureoutofthepunctureexposesthe
fueltothelightningoutsidethetads. Thefirethenpropagatesthrough
thepuncturetotheinsideofthetank.

(4)Incandescentmetalpsrticlesshowerintothetankwhenthe
lightningstrikesthewall.

Manyllghtn~ strokesto aircrtitsresweptoverthesurfaceofthe
aircraft,sndfrequentlypittingoccurstithoutactualpunctureofthe
skin. Itisofconsiderableinterest,therefore,to determinewhether
hotspotson a fuel-tankwalldueto lightningthatdoesnotpuncturethe
wsU couldcauseignition.Thetemperature-timeparameterspertinentto
mechanism(1)wereconsideredh theprecedingsection.Thetemperature-
ttiegraphsforsnaluminumtankwall1/8inchthick(fig.9(b))indi-
catethatfortheexpertientsl20-coulombdischargetheinner-wall
temperaturewiU.exceed480°F foronlyshout60milliseconds.Thisis
approximatelytheslowspontaneous-ignitiontemperatureofkeroseneor
ZP-4endcorrespondsto aboutfour-tenthsoftheouteraluminumwall
meltingtemperatureof 1,216°F. Theinvestigationsofreference1
showthatignitionofmethane-airandhydrogen-airmixturesin40
millisecondsby hotwiresrequirestemperaturesestimatedto exceed
2,400°F andpossiblyashighas3,500°F, an increaseof5 timesthe
slowspontaneous-ignitiontemperatures.

Theexperimentaldischargeswere20millisecondsinduration.
Strokestothesidewallof snexposedaircraftfueltsnkshouldnothsng
onto ay onepointon a smoothsurfaceforlongerthsn10millisecrmds
becauseoftheaircraftmotion.Pitmarksfromstrokesto aircraftthat
havebeensweptovera wbg orfuselagesurfacearegeneraUyspacedfrom
a fewinchesto a fewfeetapart.Assuminganaircraftvelocityof 140
mphor 205feetpersecond,thiswouldcorrespondto a~um the dur-
ationat anysinglepointof 2 feet/205feetpersecond= 9.8millisec-
onds. Thusintiewoftheshortstrokedurations,windstreamcooling
effects,smdresultsntlowerexpectedfuel-tsnkwalltemperatures,it
seemsimprobablethatstrokesthatdonotpunctureshouldigniteaircraft
fuels.It shouldbeemphasized,of course,thatthisappliesonlyto
strokesthataresweptandnot,forexample,to strokesthathangonto
thetrailingedgeof a sectionandmayeasilylastforperiodsapproa&-
ing1 second.Additionaldataontheshort-theignitiontemperature
characteristicsof aircraftfuelsarerequiredforgreaterassursnceon
thispoint.
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Fra theprecedingconsiderationsthequestionnaturallyarises
whether,forshort-durationstrokeenergiesslightlybelowthelevelre-
quiredtopuncturethetankwall,themetalwillhe nearlymoltenandthe
temperaturebe highenoughto ignitethefuel. Itis conceivablethat,
whilethetemperatureswouldgreatlyexceedtheslowspontaneous-
ccmibustiontemperatureofthefuel,thethe durationwouldbe tooshort
forignition.B orderto investigatethispossibility’,a seriesoftests
wasmsfieonthe6-inch-cubictanksof0.040-and0.064-inchthickness
usingstrokeenergiesat approxtiatelythepunctureenergylevel,in
which53dischargeswerefiredto theseriesoftanks.Thestrokespunc-
turedthetanks16timesandfailedtopuncturethem37times.tievery
casea puncturewasaccompaniedby auexplosion,smdineverycasebut
onea failuretopunctureproducedno explosion.Theresultsofthese
testswereverifiedin succeedingtestson otherphasesof theproblem.
Theoneexplosionthatoccurredwithoutfuel-taukpuncturewaadueto a
dischsrgethataccidentallystruckthetanka fewinchesfrcma venthole
endpossiblyt~ew a sparkintoorneartheopening.

A photographicsequenceoffuel-tankignitionbyan artificial-
lightningdischargethatpuncturedthetamkwallis showninfigure10,
asrecordedby a Fastsxcsmera.Thedischsrgecontactedtherearofthe
t@, burneda holethroughit, andignitedthemixturewithina fewmiUl-
seconds.A shnilarsequenceis showninfigureU fora 300-mphtid-
stresmandwiththeelectrcdeontopofthetank. Althougha longertime
wasrequiredforpunctureofthesecondtsgk,theexplosionflsmefront
velocityappesrstobe aboutthesameforeachcase,asdoesthetime
requiredforthetanksto explode,whichislessthen40milliseconds.
Themixturesineachtsmkwerefairlycloseto optimum.

A sketchofthetestsrrsmgementforthesefuel-tankstudiesis shown
infigure12. Thefuel-airratioswereheldintheexplosivermge during
thetestsasrecordedby theNACAfuel-airsnalyzer.Temperaturesofthe
fuelwerecontrolledEUIdrecorded.Thefuel-airratioswerecontrolled
by bleedingah slowlyintothetankuntilthepropermixturewasob-
tained.Owingtothe4U-seconddelay-ofthemixtureszml~erinrecord-
ingthefuel-airmixture,themixtureratesof changewerekeptlowto
minhnizeinterpolationerrors.Thetankswerenormallyfillednotmore
thsn1/4inchwithfuel.Examinationoftheareaswherethedischarges
occurredwithoutpunctureinvariablydisclosedfineCracksjprobablydue
to thelocalhe’stingad cooling,thatextendedthroughthetankssnd
permittedfuelto leakout. Thesearenotconsideredtobe serious,
sincetheyprobablyoccurredafterthemetalhadcooledandno external
firesoccurred.A photomicrographofonepf theseereasisshownin i
figure13.

Next,a seriesoftsnkswaspuncturedby heavydischargeswhilethe
mixturewasvaried.Innearlyeverycasethetaukexplodedovera range

.
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ofmixturesfrcnnO to100and100to 160extmxpolatedbeyondthenomml
analyzerrangeofO to 100partsperthousand.Theamlyzerwasexsmined
todeterminewhethertheindicationswereincorrect,butpureairpro-
duceda resolingof zeroaudwarmfuelinthetsnkdrovetheanslyzeroff
.scslepest100. Ihadditicm,e@asion pressuresweremeasuredfora
rsngeofmixlm?es.Thepressureswerehigherinsidethe60to 80rmge,
generallyburstingthetanksandroughlyconfirmingtheaccuracyofthe
mixlxresnalyzer.OnlyJP-4wasusedin tivestigatinghot-spotignition
offuels,sinceitwasconvenientlyintheexplosiverangeatrocmtem-
peratureendalsohsda lowspontaneous-ignitiontemperature;butboth
JP-4and100/130-gradeatiationgasolinewereusedinthepressuremeas-
urements.Explosionofthetsnksatextremelyleanmixtureswasattrib-
utedtononequilibriumconditions:a leanmixlxmeinthespaceoverthe
fuelwhichtheanalyzerssmpled,anda combustiblemixtureatthefuel-
@ boundaryignitedby sparkshowersfromthepuncture.Photographsof
sparkshowersfrcmpuncturedaluminumsheetsareshowninfigure14.

Tomeasureoverrichmixtures,whichwerenotmeasuredby themixture
snalyzer,specificmixbureswereobtainedby allowingpartiallyfilled
fueltsnksto cmueto equilibriaatparticulartemperatures.Forexsm-
ple,tankswithgasoldneheldfor5 minutesat80°F wereassmnedto con-
tainen extremelyoverrichmixture.Functurimgdischargesdidnotcause
ene~losion,buta ftiewasstsrtedatthepuuctureholethatcontinued
for1 minuteuntilputoutby enextinguisher.Gasolineheldat32°F
didnotexplode;however,JT-4didexplodeatthistemperature.Dis-
chsrgesbelowtheliqyidlevelprcducedfiresatthepuncturepointbut
no explosions.

b snalyzingthesequenceof ex@osionexpertients,themechanisms
listedatthebeg3~n ofthissectionthatappesrthemostUkely are
thedirectpunctureoffuel-tankwsllsfollowedby (2)explosionend(3)
externalfires.Ignitionby (1)hotspotsseems,tiprobableonthebasis
oftheinvestigateionsoftheprecedingsection,and(4)theshoweringof
spsrksintoa tankwithnopuncturewouldbe evenmoreimprobable,since
thewallwouldprobablynotbe hotenoughto sparkif itwouldnotignite
thefuel.

AlthoughhitialmeasurementsindicatedthatldgMtig-discharge
currentsbecauseoftheirgreatenergieswerecapableof ignitingfuels
overa greaterrsngeofmixlmresthanwouldbe possiblewithsparkigni-
tion,particularlywithleanmixtures,basicallytheinvestigations
showedgeneralagreementwithetistingflsnunability data Overri.chmix-
tureswerenotexploded,butexternalfiresoccurredatthepuncture
holes.Lesmmixtureswereignited,butignitionofleaumixburesdueto
mists(e.g.,fromsgitation)hasbeengenerallyrecognized.Theexplo-
sionhazardis consideredtobemoreseriousthenthefirehazsrd.Ex-
ternalfirescsnoccurwhenevera fuel-tsnkwallispunctured,withany

.

.
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fires,thougha seriousmatter,cm oftenbe controlled.
flsme-propagationratesunderanybutextremecondi- ,
aresometimesextinguishedby thewindstreem,scme-

timesby specialmsneuversoftheaircraft,orby carbondioxidesystems.
Explosionsoffuelteaks,onthe otherhand,canresultin severestrut-
turaldamageor10Ssoftheaircraft.Forthisreason,themostsignifi-
cantinformationregardingthedegreeofhazardis.probablytherelation
oftheflammabilityrengesofvariousfuelstothetemperaturesatwhich
mostlightningstrokesto aircrsftoccur.

LTRIrecordsshowthat,for109lightningstrokesto aircrafton
danesticflights,93percentoccurredwithr@10°C ofthefreezingtem-
perature,orfrom14°F to 50°F. Thistemperaturerangeincltiesthe -
flmmnabilityrsageofJP-4,isbelowtheleanlimitforJP-5,JP-1,or
kerosene,andincludestherichregionforJP-3sndtheextremeoverrich
rsngeforaviationgasoline.Thus,thesafestfuelwithrespectto
lightninghazsrdswouldbe aviationgasoline,withJP-4theworst.The
safetyofXP-1sndJP-5appesmtodependonhowreadilytheyformmists;
also,theprecisemechanismby whichLTRIobtainedexplosionsoflesm
mixturesneedsfurthercla?ificati.on.

Theexperimentalresultshavebeenccinfirmedby recentflight-damage
reportsoflightningstrokesto aircraftfueltadcs.Holesintanksfrom
lightning,a gasolinefirein onetankthatburnedfor15minutes,as
wellas w explosionof a jetaircraftw~ip fueltankjustafterit”
hadbeenjettisonedhaveallbeenre~ortedwithinthelastninemonths.
Thus,no otherconclusioncsnbe reachedbutthatjetfuels,JP-4in
particular,presenta muchmoresevereexplosionhazardthsnaviation
gasoline, whichhasshowna goodsafetyrecordtodate.

—.

MetalErosionfrcmLightningDischarges

Ihordertodeterminetheenergiesendchargetransfersrequiredto
puncturevsriousthicbessesof aircraftalumirnnnalloys,75high-current
laboratorydischargeswithandwithoutwindstreamwerefiredtotestsem-
plesofthreealloysccmmonlyusedforfuel-tankwalls.Thealloyswere
2024-T3,3003-H14,and6061-TSin0.020-,0.040-,0.064-,0.081-and
0.102-inchthicknesses.A tapereddoubl~-—-llconstructionwasusedwith
thetwothinnestsamplesto exsminetherelativemeritsofdouble-wallcon-
structionsgainstsinglewallsofequivalentthickness.Thewallswere
spaced1/8,1/4,1/2,and1 ormoreinches“apart.Thetitificial-li@tning
dischargesdiscussedintheAPPARATUSANDPRO~~ sectionwereusedto-
gethertoproducea singlestsndardcombineddischarge.As discussed
previously,thepredominantfactorinpunctureofsluminuntankwallsis
thechargetransferofthelong-durationlowcurrentsendoftheinter-
mediatecurrents;however,sincethemetalerosionfora given

—

——

—

—
4.

-.

—

.
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chsrgetrsnsferismodifiedto someextentby thecurrent.magnitude,
relatingmetaleroEionto chargetransferis of coursesn s.pproxtiation.
Holesburnedintheendsofwingtiptanktailconesby naturallightning
(fig.15(a))csnbe canparedwithholdsprcducedtialmninumsheetby
laboratorydischarges(fig.15(b)).lhthe30-coulomblaboratorydis-
charges,theholesizevariesconsiderablywiththecurrentmagnitude.
ThestsndarddischargethatL’ERIhassdoptedasrepresentativeof strokes
toaircraftwillduplicatemostofthedsmagedoneto aircrtit,butit
shouldbe notedthatoccasionallytheretillbe strokesthatmayexceed
200coulombsby a considerableamount.

Thecombinedartificial-lightningdischargesfiredto thevarious
alILoysproducedpumcturesinallthicknessesthrough0.064inchbuth
noneofthealloys0.081inchor overwiththeexceptionof someinthe
windstresmtestsinwhichthevibrationcausedthearcingelectrodeactu-
aUy to contactthealminunsheet.Owingtodifficultyinmaintaining
thearcwiththeairflowpresent,thewindstresmtestswerenotconsidered
tobe representativeofnatural-lightningdischargesunderwindstresm
conditions,sticethesrcwasconfinedto onepoint, buttheydidprovide
vsluableinformationregsrdingcoolingsmd.othersecondaryeffects.Use
ofhigherpotentiallong-durationcurrentsourcessnda largerwfnd-
tunnelsectionwouldpermitlongersrcsthatwouldbe morerepresentative
ofnatural-lightningdischargesto aircraft;however,thiswouldnotpro-
duceconclnsiwinformationastohazsrd,becansethevariationin
natural-lightningdischemgesis sogreatthatno reasonablevalueof
strokem~ittie csnbe selectedas a !tprobableexpectedmsxl.mum.”Dis-
colorationandheatdistortionofthemetal,notedwhenno windstresmwas
used,werealmosttota12yabsentwiththewindstresm,indicatinga ex-
tensivecoo~g effect;themetalerosirmwascleanandslightlymore
severe,apparentlybecauseoftheplentifulsupplyof oxygen.It iS
interestingtonotethatflight-dsmsgereportshavementionedsimilsr
effects;forexsmple,onereportedthat‘tburnedspotsonthetsnkre-
semblingmmnentarytouchesby a cuttingtorchclearlyindicatethatdsm-
agewsadoneby a lightningstrike.” k testsofdouble-wallsections,
0.040-tichaluminumhadtobe sepsrated1/4inchtobe equivalentto one
0.081-tichwall,anddouble-wallsectionsof0.020-inchaluminumwere
puncturedwhenseparatedover1*inches.Photographsoftheeffectof
thedischargesonalradnwsheetsreshowninfigure16.

Theknowledgeofthesweepingeffectoftheaircraftmotioninre-
ducingthelocslizedpittingby distributingthestrokeenergyovera
largeareahsdearlierpermittedscxneoptimismregardingtheneedfor
lightningprotectionoffuel-tanksidewall-s.As snexsmple,theeffect
ofaircraftmotionin sweepingnatural-lightn~dischargesis illustrated
infigures17andI-8.b thetiptanktailconeshowninfigure17,two
smallpitmsrkssreshownon Khesidewall,buta mcderate-sizedholemay
be seenattheresrwherethestrokecouldhangonforsaextendedperiod.
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HolesinO.020-inchaircraftskinareshowninfigureM. Thestroke
appementlystrucka longwireearkennaattachedto a VHFmsstlocatedat
theleftandwasconductedalongthewire-d downthemasttothebase
whereitburneda lsrgeholeastheaircraftmovedforwsrd.At thi.S
pointitprobablybrokeawayfrcxnthemasttobuz%theseriesof small
holesinthethina.luminmnsheet.

Althoughthestandardlaboratorydischargesconsideredtobe repre-
sentativeforaircrsftstruckinflightdid.notpuncturealuminumsheet
0.081inchthick,it isfeltthatcompleterelianceon thiswallthickness
forprotectionfrcmnaturalstrokesto aircraftwouldnotbe justified
becauseoftheoccasionalstrokesthatme knownto containconsiderably
greaterchargetransfersthsnthe200coulcifbsusedinthissequenceof
tests.Althoughtheprobabilityofsucha dischmgeto a fuel-trekside
wallis small,theconsequencessresoseriousthatadditionalprecau-
tionsme felttobe necessary.Suchadditionalprecautionscouldinclude
ribsontiptanks,locationoftanksawayfromthemediate tipareawhere
lightningstrokessremostl~ely to occur,useoffuel-tanklinersin
criticalareasneerthew3ngtip,orthickeningofthewingsaduseof
lightningdiverterstodivertstrokesfromcriticalereassuchasfuel
vents.

LightningStrikeDataPertinenttoFuel-TankHazards

Ihtheprecedhgsectionsofthisreport, referenceshavebeenmade
toLTRIdataonlightningstrokesto aircraft.Pertinentsectionsof
thesedataerepresentedinfiguresI-9to 21. Thedistributionof light-
ningstrokeswithtemperaturefordcmesticairlineflightsis shownh
figure19. Over90percentofthestrokesforwhichthetemperatures
havebeenrecordedoccurredwithintherangeof+10°to -10°C, and65
percentofthestrokesoccurredinthersmgeof0°to +5°C. Thisis
notsurprisinginvfewofthemostwidelyacceptedtheoryofthunderstorm
electricalchargeformationby separationacrossthefreezinglevel.

Ithasbeensuggestedthatthestrokesaregroupedaboutthefreezing
levelbecauseithappensto correspondto themostccmmonflightalti-
tudes.TheLTRIdataonthedistributionof strokeswithaltitude(fig.
20)disprovesthistheory.Thesedata,whichshowthatthestrokes
occurredatno particularaltitudes,indicatethattheprobabilitythat
an aircrsftwillbe struckisrelatedto itsproximitytothefreezing
level.Moststrokesoccurredat sltitudesof 6,000feetoroverwherethe
cloud-to-clouddischargesoflow-currentmagnitudesendhigh-chargetrsxm-
ferseremoreccmmon.Thisisinagreementwititheenalysisof
lightning-dsmegedaircraftparts,whichshowsthata substantialpropor-
tionof suchpsrtshavepassedhigh-charge.transfers.

n

●

.
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—

.
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Thesnslysisofthedistributionofdsmagepresentedinfigure21
showsthata mibstantialpercentageof strokesoccurredto thewings,
whichinmcdernaircraftaretheprincipalfuel-storagelocations.Fig-
ure21 isbasedon431incidents,whichisconsider~lymorethenfor
figures19and20becausemoststrokereportsreceivedrecordthepart
struckbutsomedonotrecordthetemperatureoraltitude.

ModelStudiesofMostLikelyPointsofLightningStrike

Flight-demmgereportstatisticsarea greataidinevaluatinghazards
becausetheyprovidegeneralinformationasto themostlikelypointsfor
lightningto strike.Modelstudiesarealsoeffectiveforstudy5ngcrit-
icalsreasof aircraftinsomedetail.Althoughextensivemodelstudies
werenotcontemplatedinthisinvestigation,preliminarystudiesin en-
otherinvestigationindicatethat,forthewings,themostvulnerable
sreasarethetipareassndtheareasbehindthepropellersonpropelJ_er-
drivenaircraft.Directstrokestothewingtipendstrokesto thepro-
pellersthatcanbe sweptbackby theairstresmovereitherthetopor
bottomofthewingaremostprobable.Two-million-voltdischargesto
mcdelaircraftareshowninfigures22to 24. Dischargestotwomodel
aircraft(figs.22and23)illustratethehighprobabilityofvertical
strokestotheverticalfh Strokesto themodelfrmnvariousangles
permitevaluationofthemostprobablepointsof lightningstr~e;snd,
by useof intermediate-sizedmodelsections,somewhatmoredet~ledin-
formationmaybe obtained.Thisinformation,asrelatedtotheairflow
direction,permitsfairestimatesofprotectioninthesecriticalareas.

Thestresmeronthewingtipoftheaircraftinfigure23 illustrates
effectivelythemechanismoflightning-strokeapproachto anaircraft.
Whentheadvaucingstepleaderofa lightningstrokenearstheaircraft,
an intenseelectricfieldis setup andcoronastresmersprcducedby this
fieldleavetheaircraftfromhigh-gradientpointstomeetthestep
leader.Thesteplesdercontactstheaircraftthroughoneormoreofthe
stresmersendraisestheaircraftpotentialto a valuesufficienttopro-
ducestresmersofftheoppositeaficraftextremities.Thesestresmers
formthestepleadersforfurtheradwce ofthestrokepasttheaircraft.
Theformationof stresmersisdeterminedby theextentofthefielddis-
tortionabouttheaircraft.Theirformationneartheaircrsftisprobably
affectedby thepressurevariationscausedby localturbulence;however,
thishasnotbeendefinitelyestablished.

Electrolytictankplotsoftheelectric-fieldconfigurationabout
theaircraftmodelalsogivea clesrpictureoftheextentofthefield
distortion,whichisonlyindirectlyillustratedby photographsof strokes
to a model.An electrolytictsnkplotoftheelectricfieldaboutthe
modeloffigure24 is showninfigure25 justbeforeandaftera light-
ningstrokecontactstheaircraft.Theextentandintensityofthe
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electricfield
dicatedby the
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aremaximumaboutthenoseandwingtip
spacingendshapeoftheequipotential
thehigh-voltagestudies,whichshowed
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fueltanks,as in-
lines.Thisi.sin
aboutequelproba-

bilityforstrokestotheaircraftnose-orfrontofthewingtipteds
(fig.24). Moreextensivestudiesofthistypewouldbe valuableingen-
eraldevelopmentofprotectivemeasures,especiallyin studiesofpartic-
ularsreasofspecificaircraft.

CONCLUDINGREMARKS

.

.

Thisexperhnentalinvestigationofthevsz?iousmechanismsoffuel-
tankexplosiondueto lightningstrokesrevealsthatthereis a primary
hazsrdwheneverttiereisdirectpunctureofthefuel-tsmkwallbutthat
theignitionoffuelby hotspotsontankwellswithoutpunctureisun-
Msely. Puncturesofthefuel-tsmkwallsby artificial-lightningdis-
chargesundervariousenvironmentalconditionsproducedexplosionsof
fuelmixturesvaryingfrczaexcessivelylesnto full-rich.Whena hole
wasnotactuallymadeintheinnerfuel-tank-wti, temperaturesexceeded
one-helftheexteriormolten-alumfiumtemperaturesonlyforbriefperiods,
probablyinsufficientto causeexplosionof aircraftfuels.Additional
dataontheshort-timeignitiontemperaturecharacteristicsof aircraft
fuelsarerequiredforcompleteassursnceonthispotnt.

LTRIdataonlightningstrikesto aircraftshowthat90percentof
thestrikesrecordedhavebeeninthetemperaturerangefrom-10°to

*

+10°C,wheremsnyofthejetfuelsareexplosivebutwhereaviation
gasolineisoverrich.Also,10percentofthestrokesrecordedhavebeen
to thewingcress,whichformodernaircraftexetheprincipalfuel-

.

storageareas.Theseresultsindicatethatprotectivemeasuresare
needed,particularlyforjetfuelsemdto a lesserextentforaviation
gasoline,which,althoughnotexplosiveinthetemperaturerengesat
whichmostlightningstrokesoccur,canbe ignitedto~duce externel
fties. ——

Fuel-teakalminmnalloys0.081inchorthickerwerenotpunctured
by dischargesrepresentativeofnatural-lightningdischargesto aircraft.
However,relisnceforprotectionfrcmaircraftlightningstrokessolely
on increasingtenkthicknessesto 0.081inchisnotnecessarilya solu-
tion,sinceoccasionalstrokessrekmownto containconsiderablygreater
chargetrsnsfersthsnthe200coulcmbsusedintheexperimentalstudies.
Althoughtheprobabilityofsuchstrokesto criticalareasis small,the
consequences- possiblefiresorexplosions- areso seriousthataddi-
tionalprecautionssrefelttobe necessery.

Whileprotection-systemdevelopmentisbeyondthescopeofthis
report,thefollowing
tivemeamres:

s~gestionscenbemadefordevelopmentofprotec-.—
—

.
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(1)Somethickeningofspecifictazik
orribstobe locatedonthebssisofthe
mayconsiderablyreducethehazard.

areasor useofexternal
probabilityy ofdischsrge

(2)Severaltypesoffuel-tadslinersmaybe used
mostprobabledischargepath.

(3)Lightning-diverterrcfismaybe usedtodivert
criticalareassuchasfuelvents.

adjscentto

strokesfrom

17

fins
paths

the

(4)Blowoutpsnelsmaybe usedints&s nesrthewingtiptoreduce
thestressonthemainwingstructuredueto a tsnkexplosionnesrthe
tip.

(5)Plasticwingtiptsnks,thoughconsideredqtitehazardouswithout
specificprotectivedesign,mightbe madesaferthsnconventionalmetal
tanks.

LightningandTransientsResesrchTnstitute,
Minneapolis,Mimn., Februsry1, 1957.
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APPENDIXA

SYMBOI.S

coefficienth Fourierseries

lengthofsideofplate

thicknessofplate

capacity

specificheat

voltage

current

thermalconductivity

non-negativeintegers

qusntityofheat

resistance

temperature

time

—
.

-.

●

.

timeconstsntt’= ?l/scx2

temperatureat t = O

rectangularcoordinates

lengthofsideofheated

depthofheatedblock

Kroneckersymbol(definedineq.(14)) —

referencetemperaturerise(initialtemperatureofheatedblock) .—

thermaldiffusivity

block .—
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P density.
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APPENDIXB
.

13ZATFLOWINAPIATEDUETOLIGHTNINGSTROKE

Intro?luction $
M

Whena lightningstrokehitsa metalplate,suchas a structural G.
memberofan airplsne,itmayburnthroughtheplateoritmayburnout
onlya smallpoolofmetal,causinga pittingoftheplate.Of course,
theworstdsmsgeis causedwhena holeisburnedthroughtheplate.The
materialonthebadrsideisthenopentodsmageby theUC; and,ifa

.-—

membersuchasa gkstankisinvolved,explosimmayresult.

Eveniftheplateisnotknrrnedthrough,theremaybe a sufficiently
greatreleaseofheatenergyintheplateto lesdto severedamage.The
questioniswhethera lwrgeenoughtemperaturerisemayoccuronthe
innersurfaceofthewallofa gastankto initiateanexplosioninthe
tsnk. Thisprobleminheatconductimistheoreticallysnalyzet.herein.

l%eory

Considera metalplateintheformofa squareof side a andof
thicknessb, tith a >>b. Tekea rectangularsetof coordinateaxes
withoriginatthecenterpointof onesideoftheplate,referredto as
theinsidesurface.Orientthex,y-axesp*all@ltothesidesofthe
plate,andthez-axisnormaltotheinsidesurface.Theoutsidesurface
oftheplatethencorrespondstothesurfacez = b. Thelightningstroke
willbe supposedto striketheoutsidesurfaceoftheplateatthepoint
(O,O,b),directlyoppositetheoriginofcoordinatesO ofthe.coordinate
system,andtoreles.8etherea quantityofheat Q atthe t . 0. The
problemistoevaluatethetemperatedistributionontietier surface
oftheplateasa functionoftime;inp.@?ticu&o?,thetemperatureat
thepointO,whichwillbe thehottestpointontheinnersurface.

Sincethisis a dsmageproblem,itisbestto settheconditionson
theanalysissothatthetemperatureriseonthetier surfacetillbe
overesttiatedratherthanunderesttiated.Therefore,thesmalysisis
simplifiedby supposingthatnoheatislostfrcintheplateeitherby
radiationorby conductionto theair.

.

.—
.

.— —

.— -i

Theheat-conductionequation

(1)
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istobe solve~

21

h theregion

S<X<E
2 --2

$SY5:

o~z~h 1

withthebomdaryconditions

S’” at ‘=%

m=~ at
~ ‘=9

%=0 at Z’”’b 1

Thefollowingfunctionsares~ecialsolutionsoftheheat-conduction
equation(1}thatsatisfytheboundaryconditions(3):

(2)

(3)

Cos[(%)(x+;)]cos[(:)[y+;)]co.[(y)z]ew(-.,mt)(.1
where Z,m, and n arenon-negativetitegersand

srecombinedin

(5)

sucha msnnerthatNefi,theseparticularsolutions
theinitialconditionsrepresentingtheheatsourceproducedontheout-
sideoftheplateby thelightningstrokearesatisfied.Forthispur-
posethegeneralsolutionforthetemperatureat snypointintheplate
isformed:

T(x,y,z,t)=
,~/o’’~F””[@)k+J

Letthetemperaturedistributionat t = O beknown,sothat

= U(X)Y)Z)T(x,Y,z,O) (7)
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isa lnmwnfunctionofthecoordinatesx,y,z inthe@ate. Combining
equations(6)and(7)gives

U(x,y)z)=
,>oA2~ {Cos[Y+x+$lcos[twdC“s[Ml)- (8)

Inorderto expressthecoefficientsinthisFourierseriesinterms
ofthefunctionu(x,y,z),thesymbolM~F(x~Y~z)]isdefinedasthe
mesmvalueofthefunctionF(x,y,z)overtievolme oftheplate.That
is,

where azb isthevoluneoftheplate.

(9)

Usingequaticm(8)sadtheusualmethodsofcalculatingthecoeffi-
cientsina Fourierseriesgives

U(x,y,z)Cos Cos
K )(
~ y+; Cos

%mn =
[( )1}

2[w?’31 c
S2[(y;]; ,,0)

.

.

TheevaluationoftheinitialtemperaturedistributionU(x,y,z) .
requiressimulatingtheheatingeffectofthelightningstrokein some
suitablefashion.Supposethatat t = ,0_g amountofheat Q is lib-
eratedina smallblockoftheplatedefinedby theconditions

(11)

Theheatisthus13beratedinthesmallblockofdimensionsa,a,P sit-
uatedontheoutersurfaceoftieplate>justoPPositethePointO onthe
plate.Thematerialinthisblockwillbe raisedto theuniform
temperature

●
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e Q=—
Cpuz$

where c isthespecificheatand p isthedensity
functionU(X,y,z)willbe equalto 9 inthisblock
outsideit.

.

(12)

ofthemetal.The
andeqyalto zero

ThecoefficientsAZW fromequation(10)csnnowbe evaluatedas
fOllows:

Forconvenienceofnotationthefioneckersymbolssreused:

{

lifz=o
5Z,0= (14)

OH Z+o

Csrryingouttheintegrationsindicatedinequation(13)yields

f
oif2 is odd

I 2a

(15]
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.(+ ‘h (%’)‘“”[m(%91

(16)

b

Thisyieldsthegeneralformula .—

Here Z and m haveonlyevenvalues,sinceby equation(15)thecoef-
ficientAZW willvsnlshif Z or m isodd. .

Thefinalsolutionofeqpation(6)forthetemperaturedistribution
intheplatefor t ~ O cm be mittenas .

QT(x, y,z,t)= — Q(a,a;x,t)Q(a,a;y,t) lf(~)~;zjt) (18)
Cpaz$

where

t(b,~; Z,t)= y, Q&y
n=o,l,2, ● . . n,

(20)
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H Z iseven,
.

(21)

sothatthenewsumnationindex,p = 2/2,canbe introduced,whichtakes
all.non-negativeintegralvalues,sndformti (19)canbe replacedby

W(a,a;x,t)=

wz
p=ojl,’, . . ●

[
e- -k)]‘PltxZt

a

(22)

Theformulasgivenrepresenttheexactsolutionoftheproposed
problem.However,inviewofthenatureoftheapplicationstobe made
ofthem,ttisfeasibleto allowscmesimplifications.

;
Thesizeoftheplateisnotverymaterielto theflowoftheheat

totheinsideoftheplatesolongasthethichessis smellcompared
withthebreadthoftheplate.It isthereforeconvenienttotdzethe
limit a+=. ~ thiscase,

(p(a;x,t)= al$=~(a,a;x,t) (23)

Theseriesinequation(22)goesoverintoan integral,sndonworking. outtheprocessthefolJ_owingsolutionisfound:

where e = pq!a.

Thisfunctioncanbe reducedto a moreconvenient
computations.Introducethefo~owingnotation(which
t>()):

formfornumerical
isvslidfor

(25)
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Substitutionintoequation(24)yields
.

2/”-*cos(*) -w (-.2)@Q(a;x,t)= ;
o

Nowdeftiethefunction —

(27)
—

Mskinguseofthisabbreviationgivesfrcmequation(26), .-

Fromequation(27),

(28)
.

.

onmakinguseofformula508of’Peirce’stableofintegrals(ref.2).
Itis obviousfromequation(27)alsothat g(0)= O. Equation(29)is
integrateddirectlyasa differentialequation:

(30]

Thisshowsthatthefunctiong(q)definedinequation(27)isjustthe
ordinsryprobabilityintegralsndthuscenbe foundtabulatedinnuneri-
Calform.

— -

.

.
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Thefollowingformulaforthetemperaturedistributionfromtheheat
source(strictlyspeaking,ina plateof infinitebreadth)isfinslly
obtained:

T(x,y,z,t)= ~ ~(a;x,t)~(a;y,t)~(b,~;z,t)
cpCL*$

withthefunctionCP(G;x,t) definedby equation(28)sndthefunction
y(b,B;z,t)deftiedby equation(20).

DiscussionofFormula(31)

Formula(31)givesthetemperaturedistributionthroughouttheplate
resultingfromtheheatsourceintroduce~by theMghtningstroke.b
applyingtheresult,onlythetemperaturedistributionovertheinnersur-
faceneedstobe known.Thisisobtainedby settingz = O ineqmtion
(31). Forsimplicityofnotation,thistemperaturefunctionismitten
asfollows:

Thefollowing

To(x,y;t)= T(x,y,O;t)

formularesults:

(32)

QTo(x, y;t)= — T(~;x,t) Q(~;y,t)V(b,P;o,t) (33)
cpa2f3

where,fromequation(20),

m

x

(-)nsin(q)
V(b,P;O,t)=:

$(1+ bn,o)(*)
exp[-&’)2j (3.)

Il=o,l,...

SincethetemperaturedistributionTo(x,y;t) isexpressedinequa-
tion(33)astheproductof twotypesoffunctions,it isconvenientto
exsminethenatureofeachofthesefunctionsseparately.

At theinitialinst=t t . 0, conditionsrequirethatthewholeof
theinnersurfaceoftheplatebe attheuniformtemperaturetakentobe
T+O. Therefore,thefollowtngmut be obtainedfromequation(34):

(35)
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Thisisem alternatingseriesof a typesomewhatdifficulttohsmdle,
sincethetermsdonotdiminishveryrapidlyinmegnitude.Therewillbe
no attempttoproverigorouslythatthesm oftheseriesisactually
zeroas is indicatedinequation(35).

Itisapparentby inspectionofequation(34)thatas t+= the
seriesconvergesrapidlytothevalue

*(I),13;0,=) =: (36)

- to the eXJ?OIIeI.Itid~atUre ofthesummandsintheseriesintheir
dependenceonthetimevari~le,thedominatingtermwillbe theone
havingthesmsllestexponent;thatis,thesecondmem%eroftheseries,
sincethefirstone(n= O)doesnotdependonthetimeatall. There-
fore,thefuuctiongivenby equation(32)
andwillrisequicklytothefinalvalue
nentialfunctionwiththetimeconstsnt

2

u
t’=b 7X

willstartfromzeroat t = O
P/b practicallylfieauexpo-

(37)

Expressedunphysicalterms,thisfunctiondeterminestheflowofheat
fromtheinitialheatsourcedirectlythroughthethicknessoftheplate.
Thetimeconstant(37)canthereforebe emectedtobe quitesmallfor
platesof ordinsrythicknesssuchasereusedintheconstructionof
aircr=t. .- —

Foran aluminumplate,

Thermalconductivity=k = 0.504cK1/(cm)(sec)(°C)

Specificheat= c = 0.217cal/(g)(°C)

Density=p = 2.70g/cm3

Fromthisinformation,the

X2

x=

thermaldiffusivityis

k=—= 0.086cm2/secCp

~’= 0.93cm/@c

‘Takingb . 1#3inch= 0.318 centimeter,thetimeconstantis

()
0.31-82t’=— 0.933

= 0.0119”sec (38)

—
.

.

.

.

.
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.

Therisetimeofthetemperatureontheinnersurfaceoftheplate,di-
rectlyoppositetheheatsource,shouldthusbe oftheorderof12milli-
seconds.Thisresultwillnotbe particularlysensitiveto thesizeof
theinitialheatsource;thatis,itdoesnotdependgreatlYonthev~ue
of B,sincetheexpression(37}for t’ doesnotinvolvethispaaeter.

ThetemperatureatthepointO shouldhavea maxtiunvslue,which
isabout

T Q $
O,max=‘=Cpa?ll‘F

(39)

TheinitialriseofthetemperatureatthepointO isdeterminedby
theflowofheatthroughthethicknessoftheplate,butitsUlttiate
declineisgovernedby thetransverseflowofheatalongtheplate.This
isexpressedby thefunctions9(~;x~t)~ ~(m;Y,t),which,of course,
havethesane

Fromthe

Itiseasyto

functionalform.

initialconditions,

(p(a;x,o)=

thefollowingisexpectedat t = O:

{
o if lx!>42
1 if ~xl<a/2

(40)

showfromequation(28)thatthisistheCxe, if it is
notedfrcmequation(30)that

g(-q)= -g(~)I (41)
g(=)= 1

Thefunctionq(a;x,t)isroughlye~onenti~ ~ fo~ ad deca-
comparativelyslowlyinrelationto theinitialrapidriseoftemperature
atthepointO. Itisbestshownintheformofgraphsdrawnforspecial
cases.

Theauslysishasassmnedthattheinitialheatsourcehasa square
crosssectionanda depth P. ~ practiceonewillhavelittleorno
controlovertheexactshapeoftheregioninwhicha lightningstroke
developsheatintheplate;ad onthewholeone~~ probablyf~ a
circulsrorroughlyeld.ipticalspot.Forpointsnearthecenterofthe
spotsmdpointsawayfromthespotby distanceslsrge-compsredwiththe
radiusofthesnot.theexactshapeofthespotwillbe immaterial.For
anexactlycircula$spottheanal--is
This=alysisisdiscussedina later
usewouldrequirenumericalworkwith
consideredjustifi~leinviewofthe

—
canbemsdeinpolarcoordinates.
sectionforcompleteness,butits
Besselfunctions,whichwasnot
uncertaintiesinthedata.

.
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GraphicalExsmple .
Tnorderto showthenatureoftheheatflowintheplate,a partic-

ularcaseispresentedingramicalform. Consideran aluminwnplatewith
thefolhwing-dtiensions:- -

Thickness= b

{

a
Sourcesize=

P

Thesourceisthenassumedtobe
waythroughtheplate.Fromthe
aluninum,thetemperature
initially

where Q isexpressedin
aboveroomtemperaturein

of the

e

—

= 0.318cm (1/8”)

= 0.5 cm :?!
:= 0.159 cm (1/16”)

O.5 centimetersquareendextendshalf-
datagivenintheprecedingsectionfor
source,fora givenheatinputQ, is

=1O.3Q (42)

joules,and 9 istnetemperaturerise
degreescentigrade.

TemperatureatpointO. - Thetemperatureatthepoint0,whichis
ontheinsideoftheplatejustoppositethecenteroftheso~ce~is –
consideredfirst.Makinguseofequation(33)gives

To= To(O,O;t)

= elo(a;o,t)l%r(b,;;o)t) (43)

ThefunctionW(b,b/2;0,t),whichdeterminestheflowofheatthroughthe
thicknessoftheplate,isplottedinfigure26. Itstartsfrcmzeroend
risesto0.5,sincetheflowofheatdirectlythroughtheplatewould

.

.

doubletheamount
by a factor0.5.
asa functionof

Thefunction
thepointO along

ofheatedmetalandsowo-uldlowerthetemperature
9?hisfunctionisplottedon a universaltimescale
t/t’,where t’ isdefinedby equation(37).

W(0.5jO}t)Jwhichdeterminestheflowofheatawayfrom
theplate,isplottedinfigure27. Thisgraphstarts

at~ity at t =-0 anddtihishescomparativelyslowlyto zero.

Thecompositeresult,givingthetemperatureatthepoint0, is
plottedas curveA infigure28,tiichshowsthatthetemperatureatO
risestoabout 9/4 as itsmaximumvalueinabout20millisecondsand
thenfallsrathersteeply;in1/10seconditisdownto @/10.This
pointwillobviouslybe thehottestontheinsideoftheplate,sothat
therapiditywithwhichitcoolsoffwillbe”animportantcriterion
governingthefiringofan explosivegasmixturethatcontactsthesur-
facehere. +=

.
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Tmnperatureat a neighboringpOint. - As sn indicationofthetem-
uraturesreachedontheinsideoftheplatenearthesourcepoint,the
~emperature-timecurvehasbeenplottedfora point0.5centimeter-from
thepointO. Thecurveisgivenas curveB of figure28. Thetempera-
tureat thispointrisesslowlyto onlyabout 25 percentof themaximum
temperatureat O andthenfallsslowly.Theflowofheatalongthe
aluminumplateis sorapidthatonlythepointsquiteneartheinitial
sourceareheatedtoanygreatextent.

EffectofContinuousSource

Ithasbeenassumedinthepreviouscalculationsthattheheatsource
isestablishedinstantaneouslyatthe t = O andthatonlythetempera-
turedistributionfrcmthisoriginissignificant.b practice,the
applicationoftheheatwillnotbe sotist=taeous~buttheso~cemaY
be appliedforsanetimeandmayvsryfrcminstantto instsntinmagni-
tude. Oncetheproblemoffindingthetemperaturedistributionfransn
instantaneoussourcehasbeensolved,it ispossibletowritethemethcd
offindingitfroma variablesource,takingalvsntageoftheIinesrity
ofthedifferentialequationofheatconductionandoftheboundsry
conditions.

Firstthenotationinwhichtheresulthasbeenexpressedwillbe
revised.Ihsteaiofusingtheparticularinstat t = O astietimeof
applicationofthesource,thisinstantis Wicated as tl. Also,
supposethattheheatissuppliedinsm infiniteshnalthe intervaldtl,
suchthat Q = q(tl]dt~ Then,fromequation(31)thetemperaturedis-
tributionfollowingfrcmthissourceatt5mes t ztl wouldbe givenby
theformula

Clearly,tofindthetemperaturedistributionfroma setof sources
operatinginthepastit isnecessaryonlyto sum(integrate)expression
(44)overaIlthesourcesthathaVebeenpresent.Thisyieldsthefinal
foriula:

T(x,y,z,t)=

Itisnot
grationifthe

It1 dtl)dw+-+(% y,t-tl)V(b)P;z>t-tl)dtl
Cpazs -a

(45)

practicableto evaluatethisexpressionby actualinte-
sourcefunctionq(tl)isveryc~lex@ Thebestmethod
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ofhsndlingit isprobablyby numericalandgraphicalmeans,approximating
thesourcefunctionby a setofdiscretesources. .

Treatmentof InfinitePlateinCylindricalCoordinates

Themathematicalsnalysisoftheheatflowh a platehasbeencar-
riedoutentirelyintermsofCartesiancoordinatesintheearliersec-
tionsof’thisreport.Thishasledto theuseofa heatsourceinthe
formofa smallrectangularparalleleplped._Thereadermayconsiderthat
itwouldbe moresensibletousea heatsourceintheformof a small
cylinder.Thisiscertainlycorrectinprinciple,andtheproce@reused
hasbeenoneof convenienceonly. b thissectiontheanalysisis carried
throughforcylindricalpolarcoordinateswitha cylintiicalshapeforthe
sourceandsolvedintermsofBesselfunctions.

Usingtheususlcylindricalpolarcoordinates,withoriginatthe
pointO,theheat-conductionequationtakestheform

(46)

Onlycylindricallysymmetricsolutionsneedbe considered,sothatthe
temperaturedependsonlyonthedistancefromthe“centeroftheplate
andnotonthesagul.arpositionaroundthe.source.

First,ps.rticularsolutionsofthedifferentialequation(46)sre
soughtwhichobeytheboundsryconditionsoftheproblem.Herean in-
finitelylargeplateistskenatthestart,sothattheboundarycondi-
tionsreduceto therequirementthatthesolutionbe finiteeverywhere,
andbe single-valued,Thereistobe no flowofheatfrcmthesurfaces
oftheplate,sothat &@z = O at z = O,b.

Psrticulsrsolutionssatisfyingtheseconditionsareoftheform

F(r)cos[wzle+Fa2ie=‘-x2t’ (47)

where k issmarbitraryrealpositiveconstsnt,and F(r)isa solu-
tionofthedifferentialequation

(48)

Theonlysolutionofequation(48)thatremainsfiniteat r = O (for
X+o)is

.

.
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.

F(r)= const=txJO(Ar) (49)

where JO istheBesselfunctionoffirstkindoforderzero.

To satisfytheinitialconditionstheseparticularsolutionsare
cambinedlinearly.Themembersinthevsriablez mustbe summedover
thenon-negativeintegern = 0,1,2. . .,whiletheradialsolutions
mustbe integratedovertheparsmeterk. H theinitialheatsourceis
a smallcylinderofradiusa anddepth P,intowhichen smountofheat
Q isdepositedat t = O,theresultis

T(r,z,t)= ‘2 Q(a;r,t)~(b,B;z,t) (50)
c~xaB

with

whichisidenticalwiththefunctiondefinedinequation(20).Thefunc-
tion Q(a;r,t)isoftheform

~(a;r,t)=
f

g(k)Jo(kr)exp(-k2t)Xdk (52)
o

where g(k)mustbe determinedfkmntheinitialconditions.Herethe
followingisrequired:

(Oifr>a
q(a;r,O)=

1
(53)

lifr-=a

If

Q(a;r,O)= u(r) (54)

Then,frmnequation(52),

u(r)=
J
= g(l)Jo(Xr)kdk (55)
o

Theinversionofthisintegralequationfor g(X)whentheleftsideis
a lmownfunctiongives

.

.
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g(x) =f’u(r)Jo(kr)rdro

NACATN 4326

(56)

Makinguseofthetiitial.
u(r),tithepresentproblem

g(k)

Thisleadstotheformula

conditions(53)whichdefinethefunction

Je.
= Jo(Xr]rdr (57)

o

.

J[Jm a
Q(a;r,t)= 1Jo(kR)RdRJO(Xr)exp(-A2t)hdk

00

1 [J

am
= 1Jo(~R)Jo&r) exp(-X2t)kdAR dR (5s)

00

Itwouldbe possibletomakeuseoftheseformulasforthecalcula-
tionofthetemperaturedistributioninthe
greaterthsnby theear~ermethod,without
accuracyoftheresult.
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TABLE I. - cmmRmoIlOF PEAK CURRENT,MECHANICALFORCES, REATHG EFFK!T,AND

CRARGETRANSFEROF TKREETYPE90F SUIW CURRENTGENERATORS TTrA.1’

REPFKKWCEETIZECIWW NATURALLIGRTNINGON AIFK!RAFT

High-current Secondarystrokekng-auatiOn
generator, generator, mxrentgenerator,

3.3@ at150kv 3,~ @ at10kv 200empatl.2kv

Peakcurrent,dmationloo,ooo-anlp 5,coo-mw 2m-amp
md waveform dura~mn= 10-5secduxation= 10-2~ec duratiion- 1 sec

to1/2valuecri~i-to1/2valuecriti-‘ectm@r ‘w
cauy daupea Cm.Y ampea

Relativemechanical 1oo.o 0.25 0.0004
force,proportionalto
mymre of peak current

(WJX1O”*)

Relativeheating = 69,000R = 40,0+30R
effembjproportional
to ener~ released

(r
R

)
12 dt, joulee

Relativeerosionand (C)X(E) (C)x(E) (I)x(t)
pittingeffect, 3.3X1O-6x 15xm4 3,000xlo

-6 2mxl
prowmtional to charge x 10,OCO

= 0.5 Coulolm
= 200 coulouibe

transfer = 30 couloIlitlB

. *
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(8)Laboratorybuilalngandnetwork.

Lightning
generator
6 millionvol
1.5millionv

(b)Crosssectionoflaboratoryshoving
testfacilities.

.

.

Figure1.- LightningandTransientsResearchtistitutelaboratoryforproducing
simulatedlightningchannel.

.

.
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Figure2. - Compositewaveformgeneratorsandresultingwaveform.

_.—



38

Figure3.- Environmentalexplosion
chamberwithintegralwindtunnel.

NACATN 4326
.

.

.



.

.

NACATN 4326 39

Measuring
equipment\

Wind-tunnel
blower,

.

.

Figure4. - Schematicdiagram
chambershowinglocationof
andmeaeuringequipment.

ofenvironmentalexplosion
integralwindtunnel,camera,

.
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Figure5.- Concrete-blockpitforfull-scaleexperimentalsetupstocontrol
possibleexplosionandfirehazardsfromiwited fuelsduringlaboratory
testsinvolving6i0chargestofull-sizefueltanks.

●
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Environmentalexplosion
tank .(@\

Fastax

Z Z ~1,1 \ Transpar&t

T
insulating
section

1L-7’ \ Thermocouple
conduit

Figure6. - Environmentalexplosiontankfortestsetupswithdischarge
tosmallfuelcellsunderclifferentconditionsoftemperature,ah
velocity,andpressqre.
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Figure7.- Blockdiagramofthermocouplesystem.

Figure8.- Crosssectionthroughcenterofcrater
producedbylaboratorydischargetol/8-inch-
thickaluminumplate.

i
-.



NACA‘TN4326 43
.

.

.

.5

.4

.3

~

.2

.1

0

.5

.4

.2

0

(a) Theoretical aurve.
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(b.)-perl.mentalcurve.
Figure9. - Temperature-timeaurvesfor l/8-inoh-thickaluminumplate.
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0 Sec 0.038Sec

0.004 Sec 0.040Sec

0.010 Sec 0.2334Sec

Figure10.- Photo~aphLcBequenoeof semplefuel-tenkignitionby
artificial-lightningdischarge.
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Em

.

“



NACATN 4326 45
.

.

.

.

oSec
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0.081Sec

0.110 Sec

0.12S) Sec

Figure11.-Fuel-tankexplosionbyertificiel-lightningdischsrge
with300-qphwindstxesm.
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Figure12.- Testarrangementforscalefuel-tankexplosionstudies.



●

✎

NACATN 4326
47

FigureI-3. - Photomicrographof cracksinfuel-tank
wallwhereno dfiectpunotureorexplosionoccurred.
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(a)Withoutvindstream.

(b)Withwlndstraam.

FigureU. - Sparkshowersfrompunctured
aluminumsheetwithandwithoutwindstream.

—
.

.
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(a)Holesburnedinendsofwingtip tank conesbynatualllghtningi

.

200-coulomb
long-duration
ZOO-amppeak

Z&coulon.ib
long-duration
EOO-amppals

30-coulomb
long-duration
4000-amppeak

30coulombs
withshortpulse
150,000amp

(b)HolesburnedinZO-milaluminumby laboratory-generated
&tiflcLaldischarges.

Figure15.- Comparisonofholesburnedbynaturalandartil’iciallightning.

.
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(a)PunctureofO.064-inchsheet
by standard230-coulombdischarge.

●

✎

(b)Er@ionbutnopuncturein
0.081-inchsheetby standarddischarge.

.

●

(c)Punctureof double-wall0.040-
inohsheet~paoed1/8inch.

(d)PunctureofO.040-inchsheet
by Z&coulombdischarge.

. —._.— .-. —.—....-1.
.:. *

—-. ---- .-

(e)Pumtureof0.081-inchsheet
withwindstreamandfaultydisoharge.

(f)Erosionof0.081-inchsheet
withwindstreamandstandarddischarge.

Figure16.- Erosionorpunctureoffuel-tankaluminumalloys
(shownhelfsize)by artificial-lightningdischarges. .

.
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F3.gwe17.-Holeandpitnvxcksona wingtipfuel-tank
tailconecausedbynaturallightning.

-C-47613

Figure18.- Successivein-linedisplacementsofholes
burnedby naturallightningin 20-milaluminumati-
craftskinas aircraftmovedthroughdischarge.

.
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Figure22.- Two-million-voltMsclzergeentering
model”airoraftvertlcelfinandleavingantenna
mastbelowfuselage.
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Figure23.- Two-million-voltdischargeentering
modelaircraftvertioalfinanaleavingpo-
peller. A streamermaybe notedoffwingtip.

1
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Figure24.- Laboratorydischargesto scalemdel
of jetaticraftdmwingStrokestonoseand
wingtiptank.
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‘7
Figure25.- Plotofeguipotentialsaboutjetaircraft
incrossfieldbeforeandafterlightningstroke
contactstailofaircraft.
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Figure26. - Funotlon # (b,b/2;O, t).whl

.001 .01 .1 1

The, t, eec

Figure27. - Function* (1/2;CS,t),whichdete~lnestherlouofh-talongtheplate.
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